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(57) ABSTRACT 

A cassette is disclosed for use in performing electrophoretic 
separations on a solid substrate. The cassette includes res 
ervoirs for containing buffer, electrodes for receiving elec 
trical current and a substrate support. The cassette is 
designed to connect With external ?uid and electrical 
sources. A method of conducting electrophoresis separation 
in both one and tWo dimensions using a cassette is also 
disclosed. Furthermore, a novel apparatus for use in per 
forming electrophoresis separation is disclosed. The appa 
ratus is preferably of modular construction With a docking 
station for receiving a cassette. 

104 Claims, 9 Drawing Sheets 
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AUTOMATED SYSTEM FOR 
HIGH-THROUGHPUT ELECTROPHORETIC 

SEPARATIONS 

CROSS-REFERENCE TO RELATED 
APPLICATION 

The present application is related to and claims dual 
priority from the commonly assigned and co-pending US. 
Provisional Patent Application Ser. No. 60/409,797, ?led 
Sep. 11, 2002 and US. Provisional Patent Application Ser. 
No. 60/442,635, ?led Jan. 24, 2003, both incorporated 
herein by reference in their entirety. 

BACKGROUND OF THE INVENTION 

Gel electrophoresis is Widely used to separate complex 
mixtures of molecular species, notably proteins, nucleic 
acids, DNA. There are principally tWo methods for perform 
ing an electrophoresis process: one-dimensionally and tWo 
dimensionally. In its simplest form, one-dimensional (“1D”) 
gel electrophoresis typically involves: (1) placing the sample 
(s) to be separated along or near one edge of a separating gel 
slab (hereinafter referred to simply as a “gel”), (2) causing 
an electropheretic buffer in one Well or reservoir to contact 
the edge Where the samples are located and causing an 
electrophoretic buffer in a second Well to contact the oppo 
site edge of the gel, and (3) applying an electrical voltage 
difference (hereinafter referred to simply as a “voltage”) to 
electrodes immersed in each Well. The application of the 
voltage causes an electric ?eld to be established in the gel. 
The electric ?eld, in turn, causes the molecular species in 
each sample to migrate in the gel at different rates. The rate 
of migration is determined based on the molecular shape 
and/or charge of the molecular species, as Well as the type 
of gel and buffer. After the migration is complete, a dying 
step may be performed Wherein the separated molecular 
species are blotted onto a polyvinyiledene ?uoride 
(“PVDF”) membrane (a nylon membrane, in the case of 
nucleic acids) and are then revealed by staining With dye. 

In recent years, the process involved in performing gel 
electrophoresis has been simpli?ed considerably through the 
use of commercially available pre-cast gels. Prior to this, 
gels Were manufactured as needed in the test labs. Since gels 
are typically very fragile, it is necessary to protect the gels 
during shipment from the manufacturer to the test lab, as 
Well as While in storage. Many of the commercially available 
pre-cast gels are sold sandWiched betWeen rigid protective 
plastic or glass plates, While some merely have a ?exible 
plastic backing and are stored Within vacuum-sealed bags. 
There are also some manufacturers Who supply gels in 
cassettes. In the ?eld of gel electrophoresis, the term “cas 
sette” generally refers to a rigid structure that has a gel 
located Within it. Such cassettes not only operate to protect 
the gel, but also provide a convenient mechanism for trans 
porting the gel prior to, during and after the electrophoresis 
process. 

The steps described above for conducting the electro 
phoresis process can be performed in either the vertical or 
horiZontal direction. In vertical gel electrophoresis, the gel is 
typically placed Within a cassette that is open at both ends. 
Each end is in ?uid communication With a different Well 
containing a buffer. One Well is typically located above the 
cassette and the other beloW. The cassette frequently serves 
at least as part of one Wall of the upper buffer Well. The 
cassettes that are typically used in vertical electrophoresis 
processes contain only the gel (i.e., no buffers or electrodes). 
Thus, separate Wells are necessary in the vertical gel elec 
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2 
trophoresis to provide the source for the buffer and the 
electrodes for providing the voltage. US. Pat. Nos. 5,736, 
022 and 6,027,628 describe conventional cassettes for use in 
vertical gel electrophoresis. 

Heat dissipation is a major problem during gel electro 
phoresis. As the electric current passes through the gel, the 
buffer and gel begin to heat up. As the heat increases, it has 
a deleterious effect on the gel. If the heat is not dissipated, 
the gel Will begin to breakdoWn. Accordingly, much effort 
has been expended in recent years to develop cooling 
systems that dissipate the heat generated during the process. 
US. Pat. No. 5,888,369 describes the incorporation of an 

external heat exchanger in a vertical gel electrophoresis 
apparatus for circulation and cooling of the buffer. The 
apparatus accommodates cassettes that function to separate 
the tWo buffer Wells. Ports are formed in one of the buffer 
Well Walls for channeling the buffer to the heat exchanger for 
cooling. 

In horiZontal gel electrophoresis, the gel is oriented pre 
dominantly in the horiZontal direction. There are tWo general 
types of horiZontal gel electrophoresis arrangements. In the 
?rst arrangement, the gel is placed on a slab above the tWo 
buffer Wells. Each end of the gel is in contact With a porous 
Wick that has an end located Within the buffer in a buffer 
Well. The Wick conveys a suf?cient amount of buffer and 
electrical current from the buffer Well up to the gel. In the 
second arrangement, the gel is submerged under a thin layer 
of buffer, Which extends from one Well to the other. This is 
typically called “submarine” gel electrophoresis since the 
gel is at least partially submerged. 
US. Patent Application Publication No. 20010037940 

describes a conventional cassette for use in a horiZontal gel 
electrophoresis apparatus. The cassette again serves to sepa 
rate the tWo buffer Wells of the apparatus. This is essentially, 
a horiZontal adaptation of the typical vertical apparatus. The 
cassette includes a gel that extends into tWo reservoirs 
internal to the cassette (Which are initially empty). The tWo 
reservoirs are located on opposite sides of the gel. When the 
cassette is inserted into the horiZontal gel electrophoresis 
apparatus, each cassette reservoir communicates through 
side openings With one of the buffer Wells in the apparatus. 
The apparatus buffer Wells contain the electrodes for sup 
plying the voltage. As such, When the apparatus buffer Wells 
are ?lled With buffer, the buffer ?oWs into the cassette 
reservoirs through the side openings and contacts each end 
of the gel. After each electrophoresis process is run, the 
apparatus buffer Wells are emptied manually and the cassette 
is then removed. The cassette’s reservoirs must be separately 
emptied. 
While gel electrophoresis has become ubiquitous in the 

molecular biology laboratory, it has remained a laborious 
and time-consuming process that has largely resisted auto 
mation because of the need for human intervention at 
various stages. These include not only ?lling and emptying 
the buffer Wells, but also removing the gel, blotting the 
separated molecular species onto a membrane and then 
staining them. Some steps have been taken to minimiZe or 
eliminate some of the labor-intensive steps. For example, 
US. Pat. Nos. 3,715,295, 3,865,712, 5,582,702 and 5,865, 
974 describe self-contained cassettes that include a pre-cast 
gel, electrodes and buffer. These cassettes only require 
connection to a voltage source for operation. Such self 
contained cassettes are sold by Invitrogen Corporation 
(Carlsbad, Calif.) under the E-Gel® trademark. By their 
very nature, such self-contained cassettes use small amounts 
of buffer and carry loW currents When in operation, thus 
eliminating the need for a dedicated cooling system. 



US 6,905,585 B2 
3 

TWo-dimensional (“2D”) gel electrophoresis is an 
extremely powerful separation tool that is becoming an 
increasingly important ?rst step in proteomic analysis. 2D 
gel electrophoresis typically involves: (1) a “?rst dimen 
sion” separation according to isoelectric point in a pH 
gradient gel, (2) transfer of the separated molecular species 
to a second gel, and (3) a “second dimension” separation 
according to molecular siZe along a direction perpendicular 
to that of the ?rst separation. The need to use tWo different 
gels, and the complexity and variability of the transfer 
betWeen them, make automation of 2D gel electrophoresis 
an even greater challenge than that of 1D gel electrophore 
s1s. 

One system for 2D separation is discussed in US. Pat. No. 
4,443,319. The system disclosed in that patent uses a cas 
sette that includes both the gel and the electrodes, and Which 
is open for the admission of buffer. Provisions are made for 
a second gel and a second set of electrodes to be used When 
the cassette is used in a 2D gel electrophoresis. HoWever, the 
steps involved in the disclosed system are rather cumber 
some and must be performed manually. 

Haber has developed a revolutionary electrophoresis tech 
nique (hereinafter referred to as the “Haber technique”) that 
alloWs separations to be performed in as little as ?ve 
minutes. US. Pat. Nos. 3,984,298 and 4,146,454 describe 
the Haber technique. In addition to the short cycle time, the 
Haber technique utiliZes loW amounts of current and a small 
volume of buffer. Speci?cally, the Haber technique uses less 
than one milliliter of buffer in each Well and is operated With 
currents beloW 0.5 mA. As such, there is no need for a 
cooling system. The buffers used With this technique contain 
conductivity suppressants. Accordingly, most of the current 
is carried by the molecular species being separated, rather 
than by ions in the buffer as in conventional gel electro 
phoresis. The sample is placed near the middle of the 
separation substrate (hereinafter referred to simply as the 
“substrate”). When the current is applied, some molecular 
species migrate toWard the anode While others migrate 
toWard the cathode. This technique is also described in N. 
Haber, Proc. Natl. Acad. Sci, 79, 272 (1982) and in N. 
Haber, Biotechnology & Histochemistry, 73, 59 (1998). An 
apparatus using this technique is sold by Haber Inc. 
(Bayonne, N.J.). 

Unfortunately, the Haber technique has received little 
attention, perhaps because of the dearth of suitable sub 
strates. Although Haber has used gels, cellulose and other 
substrate materials, most of his reported Work used ?lter 
paper. The primary de?ciency of ?lter paper is that the 
resulting resolution is limited by broadening from diffusion 
that takes place in the absence of an applied electric ?eld. 
A need therefore exists for a method, apparatus and 

cassette suitable for automated high-throughput electro 
phoretic separations on solid substrates that can take advan 
tage of techniques that use small buffer volumes. 

SUMMARY OF THE INVENTION 

The present invention relates to a method for performing 
electrophoretic separations on a solid substrate. The method 
includes the automated supplying and removal of buffer or 
other liquids to/from a separation chamber or cassette, as 
Well as the controlled application of electrical voltages. The 
automated procedure eliminates or reduces the need for 
human intervention once the separation protocol is selected 
and the process initiated. 

It is contemplated that the process may optionally 
involve, after separation, contacting the substrate While still 
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4 
inside the cassette With one or more liquids for chemical or 
other treatment of the separated molecular species, such as 
dye staining; radio-, immuno- or other labeling; or enZy 
matic digestion. In one preferred embodiment, after each 
separation, the interior of the cassette is rinsed and dried 
With the substrate still inside in order to facilitate subsequent 
handling of the substrate and/or examination of the separa 
tion results. 

The separation chamber of the invention is hereinafter 
referred to as a “cassette” irrespective of Whether it is easily 
inserted into and removed from the apparatus. A cassette 
With a substrate located Within it is hereinafter referred to as 
a “loaded cassette”. The cassette of the invention includes at 
least one pair of reservoirs for holding buffer (hereinafter 
referred to as “buffer reservoirs”), each reservoir containing 
an electrode and each in contact With a section of the 
substrate (When loaded). The substrate is placed substan 
tially betWeen each pair of buffer reservoirs and in ?uid 
communication With all buffer reservoirs. At least one exter 
nal port connects each reservoir to liquid supply and Waste 
containers. At least one external port is connected to each 
reservoir for venting air, either directly outside or to a gas 
recovery container, and/or for connecting each reservoir to 
a pressuriZation/depressuriZation system and/or a liquid 
Waste container. At least one external electrical contact is 
connected to each electrode and used to connect to a voltage 
supply. 

For 2D electrophoresis, the cassette of the invention 
includes a second set of reservoirs and electrodes positioned 
orthogonal to the ?rst set. The second pair of electrodes is 
designed to generate an electric ?eld perpendicular to that 
generated by the ?rst pair. The electrodes are connected so 
that, at any one time, voltage may be applied to one pair of 
electrodes and not to the other. 

The cassette of the present invention preferably includes 
an additional reservoir (hereinafter referred to as the “sub 
strate reservoir”) located betWeen the tWo buffer reservoirs 
for 1D cassettes and betWeen both pairs of buffer reservoirs 
for 2D cassettes, and separate from them. The substrate 
reservoir encloses most of the substrate and serves to rapidly 
saturate the substrate With buffer, dye solution and other 
liquids, or With gases. 

The substrate may be loaded into the cassette With the 
sample already on it, or the cassette may have at least one 
opening (hereinafter referred to as a “sample port”) on one 
of its faces through Which the sample(s) is/are placed on the 
pre-loaded substrate. The cassette is preferably designed to 
be opened after separation to permit removal of the substrate 
and examination of the separation results. The empty cas 
sette may be later reloaded With a fresh substrate and reused. 
Alternatively, at least part of one cassette face is transparent 
to permit examination of the separation results Without 
having to open the cassette and remove the substrate, in 
Which case the cassette may later be discarded With the 
substrate in it. The environmental advantage of the dispos 
able cassette of the invention over those of the prior art is 
that the cassette of the invention can be made free of buffers 
or other chemicals When discarded. 

Preferably, the cassette of the invention is easily inserted 
into and removable from (“docking” and “undocking”) the 
apparatus in Which the separation is conducted. In this case, 
the cassette includes ?uid ports and electrical contacts, 
Which readily connect to the corresponding ?uid ports and 
electrical contacts on the apparatus. Such quick-connect 
systems are commonly used in a Wide variety of liquid 
delivery, electrical and electronics applications. The sub 
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strate may thus be loaded into the cassette in advance and 
unloaded subsequently (or the cassette may be discarded) 
Without tying up the apparatus. 
Any suitable substrate may be used With the present 

invention. Including ?lter paper, nitrocellulose membranes 
and gels, such as those described in US. Pat. Nos. 3,984,298 
and 4,146,454. In addition, various gels, preferably attached 
to plastic or other rigid or ?exible backing are suitable for 
use With the present invention according to conventional gel 
electrophoresis techniques. 

Various methods are also described herein for use With the 
different cassette embodiments disclosed. One method 
embodiment uses a continuously moving substrate roll or 
fan-fold passing through a pre-docked cassette. 

For automated high-throughput separations, the method, 
apparatus and cassette of the invention are most advanta 
geously combined With standard automated laboratory sys 
tems such as robotic stacking and conveying systems for 
cassette or substrate storage and supply, robotic pipettes for 
automated sample placement on substrates, and automatic 
separation scanning, digitiZing, storing and processing sys 
tems for examination of the separation results. 

The method, apparatus and cassette of the invention are 
most effective for separations requiring only small volumes 
of buffer. For example, three hundred 2D separations using 
the Haber technique as it is applied to the present invention 
(notably including dye staining) can be performed 
automatically, Without human intervention once the process 
has been initiated, in less than one hour and consuming less 
than tWo litters of each buffer. 

The foregoing and other features and advantages of the 
present invention Will become more apparent in light of the 
folloWing detailed description of the preferred embodiments 
thereof, as illustrated in the accompanying ?gures. As Will 
be realiZed, the invention is capable of modi?cations in 
various respects, all Without departing from the scope of the 
invention. Accordingly, the draWings and the description are 
to be regarded as illustrative in nature, and not as restrictive. 

BRIEF DESCRIPTION OF THE FIGURES 

For the purpose of illustrating the invention, the draWings 
shoW a form of the invention Which is presently preferred. 
HoWever, it should be understood that this invention is not 
limited to the precise arrangements and instrumentalities 
shoWn in the draWings. 

FIG. 1 illustrates exploded isometric vieWs of 1D and 2D 
embodiments of a generic cassette according to the present 
invention; 

FIGS. 1A—1D illustrate various cross-sections of the 
cassettes of FIG. 1 according to different embodiments of 
the present invention; 

FIGS. 2A—2D illustrate additional cross-sectional varia 
tions of the cassettes of FIG. 1 according to alternate 
embodiments of the present invention; 

FIG. 3 is a top vieW of an open 2D cassette according to 
the embodiment shoWn in FIG. 2D; 

FIG. 4 illustrates additional cross-sectional variations of 
the cassette shoWn in FIG. 2D according to alternate 
embodiments of the present invention; 

FIG. 5 is a top vieW of the body of a 2D cassette according 
to the modi?ed embodiment of FIG. 4C; 

FIG. 6 is a schematic representation of liquid and gas 
manifold systems for use in an apparatus according to the 
present invention; 

FIG. 7 is a schematic representation of a 2D cassette using 
a continuously moving roll or fan-fold substrate; and 
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6 
FIG. 8 is a schematic representation of an apparatus 

according to the present invention. 

DETAILED DESCRIPTION OF THE VARIOUS 
EMBODIMENTS 

The present invention pertains to a method, apparatus and 
cassette for performing automated electrophoretic separa 
tions on solid substrates, based primarily on the supply and 
removal of buffers and other liquids, and of electrical 
voltages, to and from a separation chamber (cassette), all 
Without the need for human intervention once the separation 
protocol is selected and the process is initiated. Unless 
otherWise speci?ed, the term “substrate” as used in this 
application is intended to encompass not only the substrate 
itself, but any backing or frame onto Which the substrate 
may be disposed. Additionally, reference to a sample placed 
on a substrate is intended to include multiple samples placed 
on the same substrate. 

The cassette of the invention is made largely from mate 
rials that are both electrically non-conducting and chemi 
cally resistant to the buffers used. For use With the Haber 
technique, the preferred materials include polytetra?uoroet 
hylene (“PTFE”, Which is marketed by the DuPont Com 
pany under the trademark Tel?on®), PVDF (commonly 
used in corrosion-resistant pipes and tubing), nylon, glass, or 
ceramin. Other materials may be used in the present 
invention, provided that any surface exposed to the buffers 
includes a coating of rugged, continuous, impermeable 
cladding of a chemically-resistant and electrically-insulating 
material such as PTFE, PVDF, glass or ceramic. Compo 
nents that serve primarily for heat dissipation are advanta 
geously made from glass-, ceramic- or PTFE-clad alumi 
num. For use With conventional gel electrophoresis 
techniques, the cassette can also be made from other mate 
rials commonly used With those techniques. 
The substrate may be a gel of any type used in conven 

tional gel electrophoresis. Alternatively, the substrate can be 
?lter paper or any of the other substrate described in Haber. 
The substrates used in the Haber technique have the advan 
tages of speed, loW heat generation and loW buffer usage. In 
order to facilitate handling, especially With an automated 
high-throughput operation as described beloW, the substrate 
is preferably attached to a backing or frame that provides 
rigidity for the substrate. There are other substrates that are 
currently being developed for protein microarray 
applications, such as the HydrogelTM coatings being devel 
oped by PerkinElmer Life Sciences (Boston, Mass.), Which 
may be used in the present invention. 
As described beloW, the plane of the substrate is herein 

after referred to as the “XY plane”, the direction of the ?rst 
dimension separation is the “X direction”, the direction of 
the second dimension separation is the “Y direction”, and the 
normal to the plane of the substrate is the “Z direction”. For 
simplicity, it is assumed that: (1) the cassette is shaped 
roughly like a parallelepiped, With tWo opposing surfaces 
(hereinafter referred to as “faces”) being much larger than 
the other four (hereinafter referred to as “edges”); and (2) the 
faces of the cassette are parallel to the XY plane and are 
horiZontal. Of course the cassette can take on a variety of 
different shapes and, thus, the exemplary shape described 
above is not to be considered limiting in any particular Way. 
Similarly, the accompanying ?gures are intended only as 
schematic representations and, since component dimensions 
may differ by as much as tWo orders of magnitude, the 
?gures are not draWn to scale in order to shoW some of the 
smaller dimensions more clearly. In addition, the ?gures do 
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not shown some features that, albeit advantageous, only 
serve: (1) to guide, align or position various parts of the 
cassette With respect to each other; (2) to latch the cassette 
closed; or (3) to guide, align or position the cassette relative 
to the apparatus. These features, and their interaction With 
the cassette, Would be readily apparent to those skilled in the 
art in light of the teachings provided herein. 

The cassette of the invention docks into the electrophore 
sis apparatus through tWo ?uid manifolds, one used prima 
rily for liquids (hereinafter referred to as the “liquid 
manifold”) and one used primarily for gases (hereinafter 
referred to as the “gas manifold”). The tWo ?uid manifolds 
may be separate entities or may be combined in a single one. 
The cassette also connects to an electrical manifold in the 
apparatus. The electrical manifold may be a separate entity 
or may be combined With one or both ?uid manifolds into a 
single entity. The manifolds are all controlled (preferably 
automatically) by the apparatus as described in more detail 
beloW. The ?uid manifolds channel ?uids betWeen each 
cassette reservoir and associated ?uid sources or Waste 
containers on or connected to the apparatus. It is contem 
plated that, in addition to buffers and Wash solutions, the 
liquids that may be supplied through the manifolds include 
those for treatment of the separated molecular species, such 
as dye staining; radio-, immuno- or other labeling; and 
enZymatic digestion. While buffers are required in the 
present invention, one for 1D separations and tWo for 2D 
separations, the use of additional buffers for running mul 
tiple separation protocols on different samples, or the use of 
Wash or dye solutions or other post-separation treatment 
liquids is optional. Since dye staining is a very common 
post-separation treatment, the present speci?cation refer 
ences speci?cally the use of dye solutions and the process of 
dye staining. HoWever, it should be readily apparent that one 
or more other post-separation treatments may be used, 
instead of or in addition to, the dye staining. Furthermore, 
treatment may be applied prior to or during the separation, 
so that it is possible to examine the progress of the separa 
tion While the separation progresses. For all purposes of this 
application, reference to post-separation treatment is 
deemed to include any treatment applied prior to or during 
the separation provided that the appropriate modi?cations in 
the sequence of the separation steps is made. 

The ?rst embodiment of the method of the present inven 
tion utiliZes a closed detachable cassette that has been 
previously loaded With a fresh substrate, and includes the 
steps of: (1) placing a sample on the substrate through a 
sample port on the closed cassette and, if necessary, plug 
ging the sample port; (2) docking the cassette; (3) supplying 
and removing ?uids and voltages to and from the cassette to 
perform the separation and post-separation treatment; (4) 
undocking the cassette; (5) examining the separation results; 
and (6) discarding or recycling the used cassette. The used 
cassette may be recycled by unloading the used substrate 
and loading a fresh one. As described beloW, the cassette 
may include a transparent WindoW to permit vieWing of the 
processed substrate, although such transparent WindoW is 
not necessary if the examination of the separation results is 
by a non-optical method such a radiography. Alternatively, 
folloWing the separation and post-separation treatment, the 
cassette may be opened and the substrate removed for 
examination of the results directly, thereby eliminating the 
need for the cassette to have a transparent WindoW for 
vieWing the separation results. 

For 2D separations, step 3 in the preceding paragraph 
preferably includes the folloWing sub-steps: admitting 
?rst buffer into the ?rst dimension buffer reservoirs until the 
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8 
?rst buffer level is at least above the substrate and the ?rst 
dimension electrodes; (ii) Waiting until the substrate is 
saturated With ?rst buffer; (iii) applying a voltage to the ?rst 
dimension electrodes until the ?rst dimension separation is 
completed, While (preferably) removing any ?rst buffer that 
enters the second dimension buffer reservoirs through the 
substrate cross-section; (iv) substantially emptying the ?rst 
dimension buffer reservoirs; (v) optionally, rinsing the ?rst 
and second dimension buffer reservoirs and the substrate 
With Wash solution; (vi) admitting second buffer into the 
second dimension buffer reservoirs until the second buffer 
level is at least above the substrate and the second dimension 
electrodes; (vii) Waiting until the substrate is saturated With 
second buffer; (viii) applying a voltage to the second dimen 
sion electrodes until the second dimension separation is 
complete, While (preferably) removing any second buffer 
that enters the ?rst dimension buffer reservoirs through the 
substrate cross-section; substantially emptying the sec 
ond dimension buffer reservoirs; optionally, rinsing all 

the reservoirs and the substrate With Wash solution; and optionally, drying all reservoirs and the substrate With air or 

other gas. 

Optionally, if post-separation treatment is desired, the 
folloWing additional sub-steps are performed betWeen sub 
steps and (xi): (a) admitting staining dye solution or other 
liquid for post-separation treatment into the ?rst and/or 
second dimension buffer reservoirs; (b) Waiting until stain 
ing or other post-separation treatment is completed; (c) 
substantially emptying the ?rst and/or second dimension 
buffer reservoirs; (d) optionally, rinsing the ?rst and/or 
second dimension buffer reservoirs and the substrate With 
Wash solution. For 1D separations, sub-steps (vi) through 
(xi) are omitted; any optional post-separation treatment is 
performed after sub-step (v) in an analogous manner. 

The above method is a preferred embodiment that may be 
used With a Wide variety of cassettes. One embodiment of a 
cassette 10 for use in the method is shoWn schematically in 
FIG. 1, Which is an isometric vieW of the cassette With its 
upper and loWer portions shoWn separated. In this ?gure 
there is no substrate shoWn for clarity. Referring noW to 
FIGS. 1A—1D, various cross-sectional con?gurations of the 
cassette are shoWn, each shoWing an alternative con?gura 
tion taken along the section line in FIG. 1. Speci?cally, as 
shoWn in FIG. 1A, the cassette 10 includes an upper portion 
or cover 12 and a loWer portion or body 14. The cover 12 and 
body 14 are designed to mate or seal together to form an 
enclosure. The combination of the upper and loWer portions 
12, 14 de?nes at least tWo spaced apart buffer reservoirs 16. 
As shoWn, each reservoir is formed by recessed cavities 18. 
While the illustrated embodiment shoWs recessed cavities in 
both the upper and loWer portions, it is contemplated that 
only one portion (either the upper or loWer) may include the 
recessed cavity 18. 
At least one electrode 20 is mounted Within each buffer 

reservoir 16. The electrode is located such that electrical 
current can be transmitted into a buffer located Within the 
reservoir. Electrical leads (not shoWn) extend from the 
electrode to an electrical contact located on an external 
surface of the cassette 10. 

Since a 2D cassette includes additional reservoirs that are 
orthogonal to the ?rst set of buffer reservoirs, it should be 
readily apparent that a 2D cassette Would look identical in 
cross-section to the cassette shoWn in FIG. 1A. 

A substrate 22 is located on a substrate support 24 formed 
on the loWer portion 14 betWeen the tWo recessed cavities 18 
in FIG. 1A. (Of course, in a 2D cassette, the substrate 
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support 24 Would extend between all recessed cavities in the 
loWer portion 14.) A substrate cover 26 is preferably formed 
in the upper portion 12 betWeen its associated recessed 
cavities 18. As Will be discussed in more detail below, the 
substrate cover 26 and substrate support 24 are formed on 
(or attached to) the upper and loWer portions 12, 14 such that 
the substrate cover 26 preferably substantially contacts the 
upper surface of the substrate 22 and the substrate support 24 
substantially contacts the loWer surface of the substrate 22, 
thereby sandWiching the substrate 22 betWeen the tWo. In 
order to provide proper sealing Without damaging the sub 
strate 22, the interior Walls 19U, 19L of the recessed cavities 
18 must be con?gured such that the spacing formed betWeen 
the interior Walls 19U. 19L are spaced just enough to contact 
the substrate 22 When the upper portion 12 is sealed to the 
loWer portion 14. 
A sample port 28 is formed in the substrate cover 26 and 

provides a means for placing a sample on substrate 22 
Without opening the cassette 10. The location of the sample 
port 28 can be at any suitable position in the substrate cover 
26, depending on the process to be run. The port in FIG. 1A 
is shoWn centrally located Which is typically associated With 
2D operations using the Haber technique (i.e., a single 
sample is placed roughly equidistant from all four 
electrodes.) For 1D operation With the Haber technique, 
multiple samples may be placed on a line parallel to the 
electrodes 20 and roughly midWay betWeen them, in Which 
case the cassette has multiple sample ports 28 or may have 
an elongated slot. For conventional 2D gel electrophoresis 
techniques, the sample port 28 Would be located so as to 
permit one sample to be placed near one corner of the 
substrate for 2D separations. For conventional 1D gel elec 
trophoresis techniques, the sample port 28 Would be located 
so as to permit multiple samples to be placed near one end 
of the substrate, roughly parallel to one of electrodes 20. Of 
course, the cassette can be con?gured Without a sample port 
28. HoWever, in such cases, the substrate 22 Would have to 
be loaded into the cassette With a sample already on it. 
As discussed above, the substrate cover 26 and support 24 

preferably contact the substrate. In addition to providing 
sealing, the contact serves to dissipate heat generated during 
the separation. In order to permit examination of the sepa 
ration Without opening the cassette, it is preferable that at 
least one of the cover 26 or support 24 include a transparent 
WindoW (or be formed from transparent material.) 

The cassette 10 preferably includes ?uid ports 30 Which 
communicate With each buffer reservoir 16. The ?uid ports 
30 supply and eXhaust liquids from the buffer reservoirs 16. 
As shoWn, the ?uid ports 30 are preferably formed in the 
bottom of the recessed cavity 18 on the loWer portion 14. 
Although the ports 30 are shoWn centrally located, that is not 
a requirement. HoWever, it is preferred that the cavities 18 
be con?gured to facilitate ?oW of liquid to and from the 
ports 30 thereby providing for ease of ?lling and emptying 
of the reservoirs 16. As Will be discussed in more detail 
beloW, the ?uid ports 30 communicate With suitable supply 
and Waste reservoirs in the associated electrophoresis appa 
ratus. 

The cassette 10 also preferably includes vent ports 32 
Which communicate With the buffer reservoirs 16. The vent 
ports 32 are preferably formed as openings into the recessed 
cavities in the upper portion 12. The vent ports 32 serve to 
release air displaced by buffer entering reservoirs 12, any 
evaporated buffer, or any gases generated during the sepa 
ration. The vent ports 32 also permit air to be readmitted into 
reservoirs 16 When buffer is removed. To prevent liquid 
over?oW through vent ports 32, a ?oat or other one-Way 
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shut-off valve (not shoWn) may be incorporated into the 
upper portion 12. The vent ports 32 may vent directly to 
ambient or, preferably, are connected through a gas manifold 
to a gas recovery system. It is contemplated that pressuriZed 
air (or other gas) may be used to facilitate removal of buffer 
and cleansing of the cassette, and depressuriZed air to 
facilitate ?lling. In such cases the vent ports 30 are prefer 
ably connected through a gas manifold to a pressuriZation or 
depressuriZation source. 

During operation of the cassette 10 in FIG. 1A, the buffer 
is channeled through ?uid ports 30 into the reservoirs 16 
until the buffer level reaches a desired level (shoWn by 
dashed lines B) Which is above both substrate 22 and 
electrodes 20. After the separation, the buffer is exhausted 
through ?uid ports 30 to a liquid Waste system, While air or 
other gas is admitted through vent ports 32. 

Alternatively, if one-Way buffer ?oW is desired, either 
continuously or periodically, the process Would be run With 
the buffer entering the reservoirs 16 through ports 30 and 
eXiting through vent ports 32. In this variation of the 
invention, the vent ports 32 Would need to connect to a liquid 
Waste container. Buffer ?oW may also be in the opposite 
direction, i.e., With the buffer entering through ports 32 and 
eXiting through ports 30, but this arrangement is less desir 
able. 
As With the ?uid ports 30, the vent ports 32 can be located 

at any suitable position to facilitate the electrophoresis 
operation, such as in the side Walls of the upper or loWer 
portions. Also, it may be desirable, depending on the con 
?guration of the apparatus, to form the vent ports 32 such 
that they eXtend through the cassette Walls or With eXternal 
conduits to the bottom of the cassette, thus permitting supply 
of both liquids and gases from only one side of the cassette. 
Also, it should be readily apparent that the embodiment 
shoWn and described is intended for horiZontal electrophore 
sis. HoWever, the teachings provided herein are also appli 
cable to electrophoresis With the cassette oriented vertically 
or in any other inclination, provided that ports 30 and 32 are 
appropriately located. 
As shoWn in FIG. 1, the cassette 10 is advantageously 

separable into tWo portions, to facilitate construction and 
permit convenient loading and unloading of substrate 22. 
The engagement of the portions is in a ?uid-tight manner so 
as to prevent leakage of buffer. Preferably a continuous 
compression gasket 34, O-ring seal or other sealing device 
is located betWeen the upper and loWer portions 12, 14. 
The upper portion or cover 12 may be connected to loWer 

portion or body 14 in any convenient manner, such as With 
a hinge, fasteners or it can slide on grooves formed in the 
loWer portion. Alternately, the upper and loWer portions can 
be held together by mechanical pressure from the electro 
phoresis apparatus. It is also contemplated that the cassette 
may include a guide or alignment portion Which mates With 
guide or alignment portions in the apparatus to permit proper 
docking of the cassette. In the cassette embodiment shoWn 
in FIG. 1A, the substrate 22 is saturated With buffer only 
through the small portions of the substrate 22 that eXtend 
into the buffer reservoirs 16. This lengthens preparation time 
considerably, an important consideration When using the 
Haber technique (Which permits separations to be performed 
in each dimension in about ?ve minutes). Therefore, if high 
throughput is desired, it is important to accelerate as much 
as possible any steps prior to and subsequent to the sepa 
ration steps themselves. 

Referring noW to FIG. 1B, a second embodiment of the 
cassette 10 is shoWn. In this embodiment, the buffers res 



US 6,905,585 B2 
11 

ervoirs 16 are not separated. Instead, buffer is permitted to 
How betWeen the buffers over the top of the substrate. In this 
con?guration, the interior Walls 19U, 19L are siZed so that 
a gap remains betWeen the upper portion and the loWer 
portion When they are sealed to one another. Thus, in use, the 
substrate 22 Will be covered With a layer of buffer in a 
manner analogous to conventional submarine gel electro 
phoresis. The additional buffer increases the rate of diffusion 
into substrate 10. HoWever, the additional buffer results in 
increased current passing through the layer of buffer above 
the substrate 22. The increased current contributes to the 
generation of heat during the process Without furthering the 
separation process. This increased current is referred to 
herein as “unproductive current.” In order to minimize the 
unproductive current (and, thus, minimiZe the unWanted 
development of unnecessary heat), it is desirable to make the 
buffer layer over the substrate as thin as possible. 
Furthermore, in this embodiment, sample port 28 serves to 
prevent air from becoming trapped under the substrate cover 
26. 

Referring noW to FIG. 1C, an embodiment of the inven 
tion is shoWn Which includes a porous layer 35, such as ?lter 
paper or sponge material, Which is located betWeen the 
substrate 22 and the substrate support 24. Alternatively, the 
porous layer 35 may be placed betWeen the substrate 22 and 
substrate cover 26, or on both sides of substrate 22. The 
porous layer 35 serves to facilitate the How of buffer into the 
substrate 22. 

Referring noW to FIG. 1D, a fourth cassette embodiment 
is shoWn. In this embodiment, the substrate 22 is larger and 
eXtends into and bends doWnWard into the reservoirs 16. The 
ends of the substrate 22 are preferably secured at the bottom 
of buffer reservoirs 12 by ledges 36 or some other means. To 
ensure that buffer is not trapped behind ledges 36 and behind 
substrate 22 (Where the latter meets the bottom of buffer 
reservoirs 12), both ledges 36 and substrate 22 have sub 
stantial openings that alloW buffer to escape. In this cassette 
embodiment, the buffer is ?rst admitted up to the level 
shoWn by the dashed lines identi?ed by the letter B to alloW 
it to form a layer of buffer over the substrate 22. At this 
point, the buffer reservoirs 16 (as Well as the second dimen 
sion buffer reservoirs) are ?uidly connected. After substrate 
22 is saturated With buffer, the buffer level is loWered to the 
level shoWn by dashed lines identi?ed by the letter C and 
then the separation process is initiated. 
When using the embodiment of the cassette shoWn in FIG. 

1D, the method described above is modi?ed by adding the 
sub-steps (in both the 1D and 2D versions) of loWering the 
?rst buffer level to beloW the horiZontal separation area of 
the substrate so that a suf?cient amount of substrate is 
located Within the buffer to permit electric current to How 
from the buffer into the substrate. 

It is also contemplated that, When using the embodiment 
of the cassette shoWn in FIG. 1D, the buffer may be admitted 
through sample port 28 and runs over substrate 22 doWn into 
the buffer reservoirs 16 until the buffer level is at the level 
shoWn by dashed lines C, and the separation proceeds With 
the buffer at that level. 

Referring noW to FIG. 2A, a preferred embodiment of the 
cassette 10 is shoWn. In this embodiment the entire periph 
ery of substrate cover 26 is attached to the upper portion 12 
through a ?uid-tight hinge 38, Which alloWs movement up 
and doWn of the substrate cover 26. During operation When 
no voltage is applied, the substrate cover 26 is generally 
located up and aWay from substrate 22. The buffer is then 
introduced, ?oWing across the top of the substrate 22 rapidly 
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saturating the substrate 22. After saturation, the substrate 
cover 26 is located against the substrate 22, thus functioning 
as a heat sink While, at the same time, forcing any excess 
buffer from the top of the substrate 22. The hinge 38 
preferably biases the substrate cover 26 aWay from the 
substrate 22. The substrate cover 26 is urged doWn against 
the substrate 22 by the apparatus When the voltage is 
applied. The substrate support 24 can likeWise (or 
alternately) be attached to the loWer portion through a hinge 
such that the support can be controlled to move toWard and 
aWay from the substrate. The same result may be obtained by 
replacing the hinge With a gasket that provides a compres 
sion or sliding seal, in a manner similar to that described 
beloW. 

FIG. 2B illustrates a variation on the hinge embodiment 
described above. In this embodiment, the upper and loWer 
portions 12, 14 are movable With respect to one another. This 
can be achieved by incorporating a compression seal 40, 
such as a high-compliance tube gasket (O-ring) or V-gasket, 
in place of the seal described previously. The ?exibility of 
the seal permits variation in the spacing betWeen the upper 
and loWer portions While maintaining a ?uid-tight seal. 
Thus, as in the embodiment shoWn in FIG. 2A, the initial 
spacing of the upper and loWer portions 12, 14 is such that 
a layer of buffer is permitted to form over the substrate 22 
to increase the speed of saturation. After saturation in 
complete, the upper and loWer portions 12, 14 are com 
pressed toWard one another thereby eliminating the buffer on 
top of the substrate 22. Similar results can be achieved With 
the preferred arrangement shoWn in FIG. 2C Where a sliding 
seal is incorporated betWeen the upper and loWer portions 
12, 14. The sliding seal includes an O-ring gasket 42, With 
optional springs 44 to bias the upper portion 12 aWay from 
the loWer portion 14. 

In the cassette embodiments shoWn in FIGS. 2A—2C, 
When those cassettes are con?gured for 2D separation (i.e., 
four buffer reservoirs), after the substrate 22 has been 
saturated With buffer and buffer layer above the substrate has 
been eliminated, buffer Will still remain in all the buffer 
reservoirs 16, including the non-operating reservoirs. The 
buffer in the non-operating reservoirs can provide a path for 
unproductive current and thus increase heat dissipation. In 
order to minimiZe unproductive current and decrease the 
amount of heat dissipated, the non-operating buffer reser 
voirs are preferably emptied before voltage is applied for 
each separation. For eXample, When conducting the ?rst 
dimension separation, the second dimension buffer reser 
voirs are emptied before voltage is applied. The buffer that 
is removed can be channeled to the appropriate buffer 
reservoirs 16 through the liquid manifold on the apparatus. 
A similar operation is undertaken before beginning the 
second dimension separation. 

Referring noW to FIG. 2D, another preferred embodiment 
of the cassette is shoWn Which incorporates an additional 
reservoir 46 (hereinafter referred to as the “substrate 
reservoir”) located above or beloW the central portion of the 
substrate 22. The substrate reservoir 46 communicates With 
the ?uid manifolds through its oWn supply/exhaust and vent 
ports (not shoWn in the cross-sectional plane). The sample 
port 28 may also serve as the vent port for the substrate 
reservoir 46, or it may be plugged after a sample has been 
placed on the substrate 22. 

The substrate reservoir 46 may be ?lled With the ?rst 
buffer before, at the same time as or after the buffer 
reservoirs 16 are ?lled. Because of the large eXposed surface 
of the substrate 22 Within the substrate reservoir 46, the 
substrate 22 rapidly saturates. In addition to supplying the 
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buffer to the substrate 22, the substrate reservoir 46 may also 
be advantageously used for saturating the substrate 22 With 
dye solution, rinsing off excess dye, and drying the substrate 
22 prior to its removal or prior to examination of the 
separation results. In order to minimize unproductive 
current, the substrate reservoir 46 is preferably emptied prior 
to voltage application. In order to conserve buffer, the buffer 
can be channeled to the appropriate buffer reservoirs 16 
through the liquid manifold on the apparatus, or internally 
through the cassette, rather than being discarded. 
Alternatively, the volume of buffer admitted into the sub 
strate reservoir 46 can be limited to an amount suf?cient to 
saturate substrate 22, With substantially no excess buffer left 
over. 

When empty, substrate reservoir 46 provides poor thermal 
contact betWeen the substrate 22 and the substrate cover 26. 
As such, this embodiment of the cassette relies primarily on 
the substrate support 24 for heat dissipation. In order to 
alleviate this de?ciency an electrically insulating liquid may 
be introduced into the substrate reservoir 46 during voltage 
application. Such liquids are commonly used in high voltage 
transformer applications. The liquid should be selected so as 
to have a suf?cient enough viscosity to prevent diffusion into 
the substrate 22. 

While the tWo-part arrangement for the cassettes shoWn in 
FIGS. 1, 1A—1D and 2A—2D above is preferred, other 
practical arrangements are possible. For example, FIG. 3 is 
a top vieW of the body 14 of a 2D cassette according to the 
embodiment of the invention shoWn in FIG. 2D, With the 
substrate 22 shoWn in phantom but With the gasket 34 in 
place. As discussed above, this embodiment of the invention 
permits all liquid feeding and draining to occur from the 
bottom of the cassette. The ?rst and second dimension buffer 
reservoirs 16 and the substrate reservoir 46 are shoWn With 
supply/exhaust ports 30 for the buffer reservoirs. Also shoWn 
is a preferred location for the supply/exhaust port 48 for the 
substrate reservoir 46. The substrate preferably has an 
opening formed in it to permit the ?uid How to and from the 
substrate reservoir 46 through the exhaust port 48 beloW. 
The electrodes 20 extend into the recessed cavities in the 
body 14 With the electrical connectivity being provided 
through the bottom Wall of the body 14. Preferably, electrical 
contacts are formed on the bottom, outer surface of the 
cassette Which are designed to align With and contact, When 
the cassette is docked, corresponding electrodes in the 
electrical manifold, Which in turn connect to a poWer source 
in the apparatus. The electrodes 20 can be positioned any 
Where inside the respective buffer reservoirs as long as they 
are covered With buffer during the separation. A 1D cassette 
Would be similar to that shoWn except that the second set of 
buffer reservoirs 16 and associated electrodes 20 Would be 
eliminated. 

It is contemplated that the substrate 22 may be cross 
shaped, With one branch extending into each buffer reservoir 
16, irrespective of the shape of any backing to Which it may 
be affixed (e. g., a cross-shaped substrate attached to a square 
backing). Alternatively, if the substrate 22 covers the entire 
surface of body 14, the gasket 34 is not needed if the 
substrate 22 can be compressed at the periphery to provide 
a ?uid-tight seal. 

The siZe and shape of the cassette can be changed as 
needed depending on the volume of buffer needed. For 
example, the face dimensions of the cassette can be 
decreased by reducing the footprint of the buffer reservoirs 
and increasing their height. For example, for an 8 cm><8 cm 
substrate reservoir and 4 cm><8 cm buffer reservoirs, the 
cassette face minimum dimensions are 16 cm><16 cm. By 
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decreasing the buffer reservoir footprint to 1 cm><8 cm (and 
increasing reservoir height from 1 mm to 4 mm) the mini 
mum cassette face dimensions are reduced to 10 cm><10 cm. 
Alternatively, if a continuous How of buffer is provided, both 
the footprint and the height of the buffer reservoirs can be 
reduced to a just one or tWo millimeters. 

Although the cassette embodiments shoWn in FIGS. 
1A—1D and 2A—2D illustrate the buffer reservoirs 16 extend 
ing both above and beloW the substrate 22, it is also 
contemplated that in applications Where it is important to 
minimiZe the buffer volumes used (e. g., the Haber technique 
for large numbers of separations), the reservoir spaces beloW 
the substrate 22 may be eliminated. Referring to FIGS. 
4A—4C, variations on the embodiment of the cassette illus 
trated in FIG. 2D are shoWn Which eliminate the recessed 
cavity in the body 14. Those skilled in the art Would be 
readily capable of making similar changes to the other 
cassette embodiments (other than the embodiment of FIG. 
1D) in light of the teachings herein. 

FIG. 4A shoWs the cassette of FIG. 2D modi?ed such that 
all the reservoirs are at or above the level of the substrate 22 
in order to minimiZe the buffer volume used. Also, the 
venting is redirected to the bottom face of the cassette in 
order to alloW gas recovery as Well as pressuriZation of the 
reservoirs from one side only, thus permitting the cassette to 
be used in a simpler docking con?guration. With the cover 
12 raised, the substrate 10 is free to move on the top surface 
of body 14, thus facilitating automated loading. Since both 
supply/exhaust and vent ports noW are all located on the 
body 14, they are not visible in FIG. 4A, but are illustrated 
in FIG. 5. 

FIG. 4A also illustrates hoW the cover 12 can be conve 
niently fabricated using three compressible sheet gaskets 50, 
52 and 54, Which are preferably held by friction inside cover 
12. Since they only need to be a feW millimeters high, 
reservoirs 16 and 46 can be formed by cut-outs in a single 
sheet gasket 54, With Walls 56 (Which join out of the plane 
of the ?gure) separating them. While one gasket 54 is 
shoWn, it is also contemplated that multiple gaskets can be 
used to form the necessary reservoir height. In order to 
permit venting through the bottom, gasket 50 has horiZontal 
cut-out channels proximal to the vent opening in each 
reservoir Which extend doWnWard, traversing gaskets 52 and 
54 and the body 14, and terminating on the bottom face of 
the cassette. None of the cut-outs in gasket 50 are shoWn in 
FIG. 4A since they are out of the plane of the cross-section. 
They are, hoWever, described in more detail With respect to 
FIG. 5. Alternatively, gasket 50, or all three gaskets 50, 52 
and 54, is/are combined With cover 12 into a single molded 
piece of material or are otherWise formed from one piece of 
material. 

Gasket 54, With a single large central cut-out section, 
serves three principal functions: (1) to compensate for the 
thickness of substrate 10 and permit gasket 52 to seal in a 
?uid-tight manner to the substrate 22 and the base 14, (2) to 
match the contour of the substrate 22 betWeen reservoirs 
With no gaps connecting reservoirs, and (3) to assist in 
maintaining the position of the substrate 22 in the XY plane. 
The ?t betWeen the gasket 54 central cut-out and the 
substrate 22 is sufficiently loose for substrate 22 to be easily 
inserted, and the small gap betWeen the tWo is sealed 
through compression of gasket 54 When the cassette is 
closed. Gasket 54 is not needed for thin substrates since 
gasket 52 can be compressed slightly more over substrate 22 
than elseWhere. For much thicker substrates 22 or for 
substrates on backing or frames, compression of gasket 52 
may not be suf?cient to overcome the height of the substrate 
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22, and gasket 54 Would then be necessary. Body 14 and 
cover 12 are sealed to one another by outer gasket 34, Which 
is optionally an integral part of one of gaskets 50, 52 or 56. 
The height of cover 12 and the thickness of gasket 34 are 
con?gured such that, upon closure of the cassette, gaskets 52 
and 54 are not compressed beyond What is needed to 
separate reservoirs 16 and 46. 
A heat sink 60 may be included on the loWer, external 

surface of the base 12, preferably under the substrate support 
24. The heat sink 60 is preferably made from aluminum or 
similar material With high thermal conductivity. Cooling ?ns 
62 may be added for increased heat transfer. Preferably, the 
substrate support 24 is formed as a very thin electrically 
insulating barrier for increased heat transfer. The bottom 
surface of the substrate support 24 may be coated With a high 
thermal conductivity paste to facilitate heat transfer to the 
heat sink 60. Alternatively, the substrate support 24 may be 
formed integral With the heat sink 60. In order to increase 
cooling, a fan or bloWer may be incorporated into the 
apparatus or cassette. It is also contemplated that, instead of 
a ?nned heat sink, the heat sink could be a thermoelectric 
cooling unit mounted in the apparatus or cassette. Another 
variation that is possible for the heat sink is the replacement 
of the cooling ?ns 62 With a cooling jacket Within the heat 
sink 60 through Which an externally cooled liquid is circu 
lated. With some modi?cations of the arrangement shoWn, 
the cooling liquid may be buffer Which is circulated from 
one of the buffer reservoirs 16. HoW much heat needs to be 
dissipated depends on the separation process being used. For 
example, a separation using the Haber technique typically 
generates on the order of 3 Watts, Which is loW compared to 
other processes but is not negligible. 

FIG. 4B shoWs a modi?cation of the embodiment in FIG. 
4A. In this embodiment, the bottom peripheral section 64 of 
the cover 12, Where the substrate 22 and gaskets 52 and 54 
are located, is detachable from the rest of the cover 66. The 
entire detached section (including the cover side portion 64, 
substrate 22 and gaskets 52 and 54) is free to move on the 
top surface of body 14, thus facilitating automated substrate 
loading. 

Referring noW to FIG. 4C, an additional modi?cation is 
shoWn Wherein the substrate support 24 and the heat sink 60 
are detachable. As such, the opening thus formed permits a 
substrate to be inserted into the cassette and then the 
removed section placed back in. A seal 68, such as a 
compression gasket, is inserted betWeen the substrate sup 
port 24 and the base 14. 

The con?guration of FIG. 4C also lends itself to modi? 
cation of the embodiment shoWn in FIGS. 2B and 2C by the 
replacement of the seal With a high-compliance compression 
gasket (FIG. 2B), or a sliding seal (FIG. 2C), and the 
elimination of the central cut-out for substrate reservoir 16. 

With respect to FIGS. 4A—4C, it is readily apparent that 
the electrodes 20 may, alternatively, be af?xed to the sub 
strate 22, or to its backing or frame, instead of being on the 
body 14. Or the electrodes 20 may be alternatively incor 
porated into the cover 12. 

With respect to all of the cassette embodiments described 
above, particularly as shoWn in FIGS. 1, 1A—1D, 2A—2D 
and 4A—4C, it is assumed above, for simplicity, that the 
cassette separates into tWo pieces, a body and a cover, 
betWeen Which the substrate is placed. While such an 
arrangement is preferred because it has many practical 
bene?ts, particularly ease of construction of the cassette and 
ease of loading and unloading the substrate, other arrange 
ments are also practical if less advantageous. Referring to 
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FIG. 2D, for example, a 1D cassette is readily constructed in 
three parts: the left reservoir 16 excluding its right Wall, the 
central section accommodating the substrate and including 
the right Wall of the left reservoir 16 and the left Wall of the 
right reservoir 16, and the right reservoir 16 excluding its 
left Wall. 

Referring noW to FIG. 5, a top vieW of the body 14 of a 
2D cassette according to FIG. 4C is shoWn. In the illustrated 
embodiment, the gasket 34 around the periphery and the 
detachable substrate support 24 and the heat sink 60 are 
removed, shoWing the opening de?ned by edges 70. The 
outlines of the buffer reservoirs 16 and the substrate reser 
voir 46, de?ned by the gasket 52 above, are shoWn for 
reference as phantom lines. For the substrate 22 to be loaded 
and unloaded Without disturbing either the attachment of the 
body 14 to the cover 12 or the docking of the body 14 into 
the apparatus, all ?uid ports and electrical contacts are 
channeled to locations outside the detachable section. 

In addition, in order to facilitate loading the substrate 22 
along the Y (lateral) direction, none of the connections With 
the apparatus are located either in front of or behind the 
detachable section. Thus, relative to FIG. 3, the supply/ 
exhaust ports 30, 48 are redirected to the side, using chan 
nels 72, 74 formed in the gasket 52 (essentially extensions 
of the reservoirs). All the supply/exhaust ports traverse the 
body 14 doWnWard to end on the bottom face of the cassette. 
In order to channel the vent ports to the bottom, horiZontal 
channels 76, 78 and 80 are cut into gasket 50 above, connect 
to vent ports 82, 84 and 86 traversing gaskets 52 and 54 and 
the body 14. In addition, the locations of the contact areas 
are to the sides of the cut-out region, thus requiring the 
electrical connections to the electrodes 20 to be routed 
appropriately. 
As shoWn in FIG. 5, each one of the channels leads to a 

different vent port 82, 84 or 86 on the bottom face of the 
cassette. Alternatively, the channels can be formed so as to 
converge to a single conduit Which extends to one vent port 
on the bottom face of the cassette. This alternative is less 
forgiving of minor over?lling of reservoirs since they noW 
communicate With one another through gasket 50 above. 
As illustrated in the accompanying ?gures, the buffer 

reservoirs in each pair are not designed to communicate 
directly With one another. There are tWo principal reasons 
for this. First, it is sometimes desirable to have a different 
buffer in each of the buffer reservoirs 16 in each pair in order 
for the separation to take place in a buffer gradient (e.g., a 
pH gradient if each buffer has a different pH). Second, a 
buffer-?lled channel connecting the buffer reservoirs 16 in 
each pair provides a path for unproductive current and adds 
to the need to dissipate heat. If the buffer reservoirs 16 in 
each pair connect only through the liquid manifold, the path 
is not only longer but is also interrupted during voltage 
application by tWo closed electrically-insulating valves. If 
heat dissipation and current handling capacity are not an 
issue, then the cassette and the liquid manifold can both be 
made simpler by connecting the supply/exhaust openings of 
both buffer reservoirs 16 in each pair inside the cassette. 

Because of their substantially closed nature, the cassettes 
of the present invention can be operated vertically or With 
any other inclination provided that the arrangement of ?uid 
ports is modi?ed appropriately. For each reservoir, the 
supply/exhaust opening is preferably near the reservoir’s 
loWest point so that substantially no liquid remains When the 
reservoir is emptied, While the vent opening is preferably 
near the highest point so that substantially no air is trapped 
When the reservoir is ?lled. Therefore, the inclination With 
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Which the cassette is to be operated dictates the location of 
the ?uid openings for each reservoir. For horizontal 
operation, the ?uid opening arrangement is not critical since 
all venting occurs above the top of all reservoirs. HoWever, 
if the reservoirs are just a feW millimeters high then even a 
relatively small unintended cassette inclination may have a 
signi?cant effect. An easy solution is to purposely incline the 
cassette enough to ensure that the supply/exhaust and vent 
openings are alWays near each reservoir’s highest and loWest 
points, respectively, even if the apparatus is not closely 
leveled. Preferably the inclination should be greater than ten 
degrees. 

In addition to being operable horiZontally, the 2D cassette 
of FIG. 5 meets all the requirements for operation With the 
edge at the top of the ?gure higher than the edge at the 
bottom of the ?gure (e.g., vertically). This is made possible 
by the upWard direction of channels 76, 78 and 80, as shoWn, 
Which permits complete ?lling of all reservoirs With the 
cassette oriented vertically. Alternatively, vent channels 76, 
78 and 80 may all be directed, in a similar manner, to the 
same edge of the cassette for edge docking instead of face 
docking. 

It is also contemplated that the method disclosed above 
may be practiced With a cassette that does not have the cover 
attached eXcept While in operation, thus eliminating the need 
for openings for sample introduction or transparent faces for 
examination of the separation results. 

Furthermore, the present invention may be practiced With 
a cassette that is docked but does not include a substrate 
(e.g., using the cassettes of FIGS. 4A—C). As such, the 
disclosed method Would be modi?ed to incorporate the steps 
of loading and unloading the substrate into and out of the 
cassette. It is not necessary for the cassette used in this 
embodiment to be easily detachable from the apparatus, 
eXcept that it preferably is so as not to inhibit apparatus 
maintenance. Unlike the ?rst method described above, the 
manner in Which the substrate is loaded into the cassette is 
noW especially important, particularly for automated opera 
tion. 

If the cassette shoWn in FIG. 4A is used, the method 
involves the steps of (1) placing the sample on the substrate; 
(2) positioning the substrate on the body of the open 
cassette, With the cover raised and the body docked; (3) 
loWering the cover to close the cassette in a ?uid-tight 
manner; (4) supplying and removing ?uids and voltages to 
and from the cassette to perform the separation and post 
separation treatment; (5) opening the cassette by raising the 
cover; (6) removing the substrate; (7) eXamining the sepa 
ration results; and (8) discarding the substrate. It is also 
contemplated that the cover 12 may be preloaded With 
substrate 22, in Which case the method Would be modi?ed 
accordingly and the cover could be reused after the process 
is complete. 

If the cassette shoWn in FIG. 4B is used, the method 
Would be varied to account for the fact that the substrate is 
located in the detachable side section of the cover. If the 
cassette shoWn in FIG. 4C is used, then the substrate is 
preferably loaded before it is placed Within the cassette. 

While the above cassettes provide for a second set of 
reservoirs for conducting 2D separation, it is also contem 
plated that 2D separation can be performed using a 1D 
cassette. In this embodiment, the method Would be modi?ed 
to include the folloWing steps: (1) placing the sample on the 
substrate, (2) loading the substrate into the open pre-docked 
1D cassette, (3) closing the cassette in a ?uid-tight manner, 
(4) supplying and removing ?uids and voltages to and from 
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the cassette to perform the ?rst dimension separation, (5) 
separating the appropriate moveable parts of the cassette 
suf?ciently to permit rotation of the substrate, (6) rotating 
the substrate by ninety degrees around the Z aXis passing 
through its center, (7) bringing together the appropriate 
moveable parts of the cassette in a ?uid-tight manner, (8) 
supplying and removing ?uids and voltages to and from the 
cassette to perform the second dimension separation and 
post-separation treatment, (9) opening the cassette, (10) 
removing the substrate, (11) eXamining the separation 
results, and (12) discarding the substrate. Of course, the 
method may be modi?ed to use tWo in-line 1D cassettes 
Which are oriented orthogonal to one another (in the 
Z-direction). In this embodiment, the substrate Would be 
moved from one cassette to the other after the ?rst separation 
is complete. Post-treatment can be performed either in the 
second 1D cassette or in a third cassette that includes only 
a substrate reservoir (no buffer reservoir or electrodes) if 
desired. 

In the various methods described above, any suitable 
means may be used to position the substrate 22 or detachable 
side section (FIG. 4B) or bottom section (FIG. 4C), includ 
ing (1) a set of rollers, preferably With the driving set in body 
and the free-running set in cover; (2) replacing the substrate 
support 24 above the heat sink 60 With an electrically 
insulating conveyer belt; or (3) having an external position 
ing arm move the substrate 22 into position and then 
WithdraW. Alternatively, substrate 22 may be conveyed 
along the Y aXis in continuous form, either in a roll or 
fan-fold, on one side of the cassette and taken up on the other 
side. In this embodiment, When the substrate is properly 
positioned, the conveyance of the substrate is stopped and 
that section of the substrate roll or fan-fold is pulled into the 
cassette until the separation is complete. For the cassette 
arrangement shoWn in FIG. 4C, a substrate 22 (or detachable 
side/bottom sections) may be readily translated horiZontally 
Without any ?uid port or electrical connection interfering. If, 
as described beloW, cassettes are stacked on top of each 
other, the substrate 22 (or detachable side/bottom sections) 
can be loaded into each cassette Without the other cassettes 
and their docking getting in the Way. 

In some embodiments of the apparatus in accordance With 
the present invention, the cassette may be inserted loosely 
into a receptacle and the apparatus, rather than the operator, 
automatically docks it into the ?uid and electrical manifolds 
in order to ensure proper docking and less Wear on the 
contact points. Optionally, at the start of each operation, the 
apparatus ?rst locks the cassette in place and then tests each 
reservoir and port for leaks, and each electrical connection 
for discontinuities or shorts. If a fault is detected, the 
apparatus activates a visual and/or audible Warning, unlocks 
the cassette and aborts the operation. Each operational step 
may be initiated by the operator at the appropriate time or, 
preferably, the entire order and timing of steps is pro 
grammed into the apparatus in advance and runs automati 
cally once the separation protocol is selected and the opera 
tion is initiated. 

All the methods described above are applicable to mul 
tiple cassettes docked in parallel, each using a separate set 
of ?uid and electrical manifolds to connect to the apparatus. 
In this manner, each separation proceeds independently of 
the others, and one cassette may be docked and its operation 
initiated While another cassette is already in operation. 

Also, the methods described above are applicable to 
separations performed using multiple interconnected 
cassettes, all cassettes using a single set of ?uid and elec 
trical manifolds. For eXample, the cassettes may be stacked 


























